Abstract: Construction of the Qinghai-Xizang Railroad ͑QXR͒ in permafrost regions presents a number of significant engineering problems. The engineering properties of permafrost can vary greatly, and climate warming, especially warm permafrost with high ice content, must be considered. Permafrost warming could induce ground ice thaw, producing embankment settlement. Consequently, thermal stability is a key consideration for the QXR construction in permafrost regions. In order to ensure permafrost thermal stability under the background of climate warming, ideas of embankment cooling to preventing permafrost change are proposed. Many methods of embankment cooling have been proposed to prevent the thawing of ground ice. For example, block-stone embankment, block and debris slope protected, thermosyphon, and special bridge designs. The amount of engineering practice and observational data testify that measurements of embankment cooling effectively decrease permafrost temperature and heighten the permafrost table beneath embankments.
Introduction
Of the 1,142 km of the Qinghai-Xizang Railroad ͑QXR͒ from Golmud to Lasa, 965 km are more than 4,000 m above mean sea level, making it the highest railroad in the world. QXR crosses 550 km of the continuous permafrost region and 82 km of the discontinuous permafrost region. There are 275 km in warm permafrost ͑with a mean annual ground temperature higher than −1.0°C͒; 134 km of warm permafrost has a high ice content ͑including ice-rich frozen soil, saturated-ice frozen soil, and ice with soil͒, and 171 km in cold permafrost ͑with a mean annual round temperature lower than −1.0°C͒; and 97 km of cold permafrost has a high ice content in the 550 km of continuous permafrost regions. The warm permafrost with high ice content is of particular concern because of its potential for thaw settlement of engineering structures under the effects of climate warming. So, solving thermal stability problems of warm permafrost with high ice content become the key to ensuring embankment stability for the QXR construction in permafrost regions considering the effect of future climate warming on the stability of permafrost ͑Cheng and Li 2003͒.
Permafrost Background

Permafrost Distribution
Compared to Europe, Asia, and North America permafrost in the Qinghai-Xizang Plateau is both warmer and thinner, and its distribution is controlled by altitude and latitude zonation, as well as by vegetation, snow cover, geology, and ground water.
The permafrost in this region is at high altitude, widespread, and thick in the middle to lower latitudes. Permafrost area covers about 1,410 km 2 from the Kunlun Mountains in the north to the Himalayas in the south; to the national boundaries in the west; and the Hengduan, Bayankala, and Animaqing Mountains in the east ͑Li 1992͒. Its area is about 14.6% of this domain. The occurrence, distribution, and characteristics of permafrost depend on the thermal exchange between the soil and the atmosphere. It is affected and controlled by physical geographical zoning and regional geological factors, and topography, such as the slope, aspect, and surface factors. Permafrost in the Qinghai-Tibet plateau is different from high-latitude permafrost in formation ͑Cheng 1984͒. High-altitude permafrost along the Qinghai-Xizang Railroad has an extensive altitude zonation. The ground temperature and thickness of permafrost are controlled by altitude. The higher the altitude, the lower the ground temperature, and this leads to greater permafrost thickness ͑Cheng 1984͒.
Permafrost along the QXR is in the eastern regions of the Qinghai-Xizang Plateau, and the QXR encounters continuous and discontinuous permafrost as well as thawed areas, as it is in a state of gradual degradation. Permafrost along the QXR is divided into the following four types according to mean annual ground temperature ͑MAGT͒ and the influence of engineering action: ͑1͒ extreme stable cold permafrost with a MAGT lower than −2°C, mainly encountered in high mountain areas; ͑2͒ basically stable cold permafrost, with a MAGT from Ϫ2 to −1°C, mainly occurring in the middle to lower mountain areas; ͑3͒ unstable warm permafrost with a MAGT from −1.0 to − 0.5°C, mainly in highplain and basin areas; and ͑4͒ extremely unstable warm permafrost with a MAGT from Ϫ0.5 to −0.0°C, mainly in extensively degraded areas of high-plain and basin areas. Warm permafrost is very susceptible to change under the effect of extensive human activities and climate change, its engineering properties are extremely unstable due to MAGT change, ground ice thawing, and permafrost degrading. So, warm permafrost is one of the most important problems for QXR construction in permafrost regions.
Ground Ice Distribution
Five types of ground ice are found in permafrost ͑Research Group of the QinghaiXizang Highway 1983͒: poor-ice frozen soil, icy frozen soil, ice-rich frozen soil, saturated-ice frozen soil, and ice with soil. The characteristics, formation, and distribution of ground ice depend on topography, soil, water, buried condition, and vegetation, and are also affected by thermal exchange between soil and ground surface and the thermal gradient. Ground ice mainly occurs at a depth of about 10 m, typically, at 0.3-5.0 m beneath the permafrost table. About 56% of the high-ice content permafrost is in warm permafrost regions, and 44% in cold permafrost regions. The former is readily affected by climate change and engineering activities, resulting in thaw settlement. Therefore, ensuring the thermal stability of warm permafrost and preventing it from thawing are key to solving embankment stability problems in the Qinghai-Xizang Railroad construction.
For the QXR, there are three main aspects to the engineering problems: thaw settlement and frost heave, frozen soil environment ͑including permafrost table temperature, ice content, permafrost distribution, and annual mean ground temperature͒, and freeze-thaw hazards that affect engineering stability ͑i.e., thermal slump, thermalkorst, icing, and pingo͒.
The impacts of climate warming and engineering activities on permafrost in the Qinghai-Xizang Plateau have been studied in detail ͑Wang et al. 1996; Wu et al. 2003; Tong and Wu 1996; Ding 1998͒ . Permafrost changes associated with engineering activities differ from the effects of climate change. Permafrost beneath roadbeds experiences the combined effect of climate change and construction thermal disturbance in warm permafrost regions. Roadbed construction will lower the permafrost table and cause ground ice to thaw, causing settlement and an increase in the amount of freeze-thaw damage. According to Tong and Wu ͑1996͒, 83.5% of damage is caused by thaw settlement, and 16.5% is caused by frost heave on the Qinghai-Tibet Highway. Therefore, ensuring permafrost roadbed stability is the key problem of Qinghai-Xizang Railroad construction in regions of warm permafrost with high-ice ground.
Design Principles
Three design principles were used for buildings in permafrost regions along the QXR: ͑1͒ delaying permafrost thaw; ͑2͒ controlling the speed of thaw of permafrost; and ͑3͒ maintaining permafrost in the frozen conditions. The third method is used in areas of MAGT below −1.0°C; the second and third methods are used in the areas of MAGT from −0.5 to − 1.0°C; and the first or second method is used in the areas of MAGT higher than −0.5°C. However, these methods do not seem suitable for warm permafrost with high-ice content, especially when climate change is considered. Degrading permafrost is unstable and will produce great settlement. The thickness of warm permafrost of MAGT higher than −0.5°C is about 15-20 m, and this cannot be excavated. If Methods 1 and 2 could be used in warm permafrost sections with high-ice content of MAGT higher than −1.0°C, ice thaw near the permafrost table beneath embankments could not be avoided to produce a large deformation in the roadbed.
Actually, if ground ice thawing near the permafrost table could be prevented, roadbed stability would be ensured. To ensure permafrost thermal stability or heighten the permafrost table beneath embankments, cooling of the roadbed can be used ͑Cheng 2003͒.
Engineering Measures
Many methods of cooling roadbed have been proposed to ensure permafrost thermal stability by controlling and adjusting radiation, convection, and conduction ͑Ma et al. 2003͒ . The concept of cooling the roadbed and maintaining the thermal stability of permafrost can be observed in the natural world where permafrost has been found in talus in areas where the mean annual air temperature is above 0°C in the Alps, Eastern Tien Shan, Urumchi River Valley ͑China͒, Hokkaido Mountains ͑Japan͒, and in dormant volcano craters ͑Hawaii͒ ͑Cheng 2005͒. These discoveries have convinced us that it is feasible to use some measures to cool down the roadbed to prevent ground ice thawing near the permafrost table and permafrost temperature rising due to climate warming and engineering activities. Many methods of cooling the roadbed to decrease the permafrost temperature are applied to railroad construction in permafrost regions. Block-stone embankment and block and debris slope revetment embankment are popularly used to effectively decrease permafrost temperature and prevent future roadbed thaw settlement in the regions of warm permafrost with high-ice content. Block-stone embankment uses very coarse and poorly graded crushed rock, ranging in size between 20 and 30 cm and in thickness between 1 and 1.2 m fill on top of warm permafrost with high-ice content ͑Fig. 1͒ due to air convection in the block-stone layer ͑Goering 1998; Goering and Kumar 1996͒. Block and debris slope revetment uses very coarse and poorly graded crushed rock, ranging in size between 8 and 10 cm and between 20 and 30 cm and in thickness between 80 and 120 cm fill on the two-sided slop of the embankment ͑Fig. 2͒.
Thermosyphons can be used to enhance permafrost thermal stability beneath embankments in permafrost regions because of its effect of decreasing permafrost temperatures beneath embankments in cold regions engineering ͑Zarling 1993͒. Thermosyphons can be widely used to solve roadbed stability at road shoulders and the slope foot of embankments in areas of warm permafrost with high-ice content ͑Fig. 3͒.
Permafrost thawing cannot always be prevented for sections with extremely warm permafrost with high-ice content by controlling convection, radiation, and conduction under the affect of climate warming and engineering action. Engineers and scientists proposed a method of substituting a bridge for an embankment ͑Fig. 4͒ to ensure engineering stability. A special bridge design, which employs pile lengths of 25 to 30 m beneath the ground surface and pile diameters of about 1.2 m, utilizes a negative friction force between the pile and soil to ensure engineering stability, ignoring the carrying capacity of pile and permafrost thaw problems.
Observational data verified that measures widely used in permafrost re- A method of substituting a bridge for the embankment is very efficient for solving the thermal stability of extremely warm permafrost with high-ice content, where the accumulated deformation of the bridge pile foundations is lower than 2 mm, and the maximum is not more than 5 mm.
Conclusions
Because of the impact of climate warming and construction activities on permafrost beneath the embankment, some methods of controlling and adjusting the radiation, convection, and conduction were proposed to decrease the amount of heat entering the cooling embankment in the summer and to increase the amount of heat removal from the embankment during the winter. This ensures embankment stability in regions of warm permafrost with high-ice content for construction of the Qinghai-Xizang Railroad. The use of block-stone embankment, block and debris slope revetment, and thermosyphon are widely used in regions of permafrost with high-ice content, and a special bridge is mainly used in regions of extremely warm permafrost with high-ice content. The construction practice shows these methods are effective to raise the permafrost table beneath the embankment, decrease the permafrost temperature, and ensure embankment stability.
